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PREFACE :
Portions of the following report were originated under studies con-
ducted for the Department of Army Ordnance Corps under Contract
No. DA-04-495-Ord 18. Such studies are now conducted for the
National Aeronautics and Sy Adninistration under Contract No.

NASw-8.

Peﬁe ¥




Hemorandum Ne. 30-8 - Jet Propulsion L aboratory

ABSTRACT

The mechanism of heat transfer in forced-convec-
tion subcooled nucleate boiling is considered. A three-step
model is proposed. First, the heat flows from the wall into
the adjacent liquid by two parallel paths: (a) the portion of
the wall area which is periodically covered by bubbles is
primarily cooled by quenching, due to colder liquid rushing
in as the bubbles collapse; (b) over the remainder of tie
wall area, convective heat transfer is induced primarily by
the stiming ecffect of the bubbles. Secondly, heat flows
through the two-phase wall layer, partly by turbulent con-
vection in the liquid between the bubbles, and partly by
latent heat transport within the bubbles themselves. Finally,
the hieat flows by tusbulent convection from the edge of the
two-phase wall layer into the turbulent core. Simplified ex-
pressions are deduced for the first and third steps, which
give reasonable agreement with Gunther's data. The rela-
tive importance of latent heat transport is as yet uncertain,
but it is shown to be very likely significant in comparison
with the heat flow through the liquid between the bubbles.
Expressions are deduced for the quenching heat flux and
and the mean velocity induced by the bubbles. The liquid
temperature at the edge of the two-phase wall layer is com-
puted for Gunther's daia and is found to rise sharply towards
the saturation temperature as burnout is approached. This
signifies that the maximum heat flux coincides with the
appearance of a fairly thick layer of warm water next to the
wall, possibly due to the inability of the turbulent core
liquid to remove the heat as fast as it is transmitted through
the two-phase wall layer. '

The heat flow expressions which have been derived
are quite approximate; considerably more data on the local
parameters in subcooled nucleate boiling are required before
they can be put on a firm footing. On the other hand, the
three-step model is not coasidered to be speculative; it is,
in fact, a simp'e statement of the physical situation in
highly subcooled nucleate boiling. :
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. INTRODUCTION

It is the intent of this work to construct a potentially useful model for the heat flow in
subcooled nucleate boiling. The model ia limited to subcooled boiling, for the simple reason that
the only reasonably complete data on bubble parameters are from Gunther's work on forced-convec-
tion subcooled boiling of water at essentially atmospheric pressure (see Ref. 1). Crude as this
model necessarily is, in view of the severely limited quantity of experimental information, a
number of interesting aspects are developed in ita farmulation; and it is hoped that its presentation
will stimulate further quantitative measurements of the local parameters in boiling which are so

sorely needed for a fuller understanding of this complex phenomenon.

Il.  PRELIKINARY CONSIDERATIONS

Nucleate boiling is characterized by the presence of favored locations for bubble formation,
or nuclei, on the heating surface. Portions of the ebullition surface which are in the immediate
neighborhood of a nucleus are periodically covered by bubbles, so that they are alternately in
contact with vapor and then with liquid. On the other hand, portions of the ebullition surface which

are at some distance from any nucleus will always be in contact with liquid. It is evident that the

may write:
L & N
q‘ = quf * qw(l - [) = qu t 9, (1)

where g, is the total heat flux, f is the fraction of the surface which is periodically in contact
with bubbles, ¢, is the heat flux from this portion of the surface, and g, is the heat flux from

the remainder of the surface. The star symbol denotes that the heat flux is calculated on the basis
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of the actual heat-transfer surface, whereas the absence of a star denotes that it is calculated on

the tasis of the total wall area.

Alternatively, one may write, at any instant:
Ld Ld :
q, = qu+ qc(l-F)= 9p + 9, ) (2)

where qb is the heat flux from the surface beneath the bubbles, g, is the convective heat flux
from the surface between the bubbles at any instant, and F is the instantaneous fraction of the
surface covered with bubbles. Here F is a stochastic variable; but, if a large enough heating
surface is employed, the space-mean fraction of the surface covered may be equated to the time-
mean fraction of the surface covered, in accordance with the ergodic hypothesis (see Refs. 2 and
3). It should be carefully noted that thd <= equations apply to the heat transfer from the wall to
the inner portion of the two-phase wall layer, which is here arbitrarily defined to be the layer next
to the wall of thickness equal to R, , the mean maximum bubble radius. (See Fig. 1.) The flow
from the inner to the outer portion of the layer is quite distinct from that of the outer portion of

this layer to the turbulent core liquid.

It is usually considered that
9 << e 3

since heat-transfer coefficients from solids to gases are very much less than those from solids

to liquids. In this sense each bubble is considered to be an insulating spot on the wall surface.

o \ 4
SINGLE - PHASE CORE
—————\—\— ————— 5 ——-—\——--—-———-—--—’— \——-——-——-
Rm|l \ / / TWO- PHASE

\
[ L4 AN b 8 ) e Lave
7777787777774/ /777\//7 ///////r//}'// 177777177777
10' 9 qc qb
L

HEATING SURFACE

Fig. 1. Diagrammatic Sketch of Heat Flow from Wall into Two-Phase Layer
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This may not be strictly true if there is an appreciable liquid film at the base of each bubble,
(See Ref. 4.) -

Rannie is said (Ref. 5) to have called attention to the fact that a principal mode of heat
transfer may result from the periodic contact of relatively cold liquid with dry spots which were
formerly covered by bubbles. To express th's quantitatively, it may be noted that at any instant
the fraction of the surface which was formerly dry, and is now in contact with quenching liquid,
is (f - F). From the portion of the surface which is never covered by bubbles, convective heat

flow dominates. Hence, considering Fgs. (2) and (3), -

%~ g (-F) = q(f-F) v q0-=gq +gq, ®

can be obtained.

Heat flows from the inner to the outer portion of the two-phase wall layer will be denoted

by the supersceipt 1 and thence to the turbulent ingle-phase core liquid by the superscript 2

Then, the heat flow through the two-phase wall layer may be written

q, = qsl) - q(b” . qﬁl) ' s

where qg” is the heat flux due to vaporization of liquid at the inner portion of the wall layer and

condensation at the outer portion; and '(t” is the convective heat transport through the liquid

between the bubbles. It has been frequently stated that
q::l) A> > q(bl) 6)
but, as will be shown, the evidence for this hypothesis is not conclusive. Actually, probably

neither of these heat fluxes is negligible.

Finally, the convective heat flux from the outer portion of the two-phase wall layer to the

turbulent single-phase core may be written

9 = 0.2 = ¢® 0
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Tsien is said (Ref, 6) to have pointed out that the bubbles act as roughness element . in
increasing both fluid friction end heat transfer. The interaction of the bubbles and the flowing

stream determines qg“’) in Eq. (7).

An attempt will be made to formulate expressions for these heat fluxes. Before entering
upon this task, however, it is advisable to review the question of the relative magnitudes of the

latent heat transport and the convective heat flux between the bubbles (Eq. 6).
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il LATENT HEAT TRANSPORT VS STIRRING

Several investigators (Refs. 7 and 8) have observed that the rate of visible vapor
evolution in subcooled nucleate boiling can account for only a small fraction (1 to 2%) of the total
heat flux. If it is assumed that the bubbles are surrounded by a stagnant laminar ‘ilm as they
grow and collapse, it can also be shown that mass flow within the bubbles, due to simultaneous
vaporization at the equator and condensation at the pole, is also a second-order effect. It is not
true, however, that the heat flow from the bubble condensing surfaces is dominated by laminar
conduction through a stagnant film. Bankoff and Mikesell (Refs. 9 and 10) have extended the
laminar Plesset-Zwick bubble growth solution (Ref. 11) to include an initially nonuniform temper-
ature distribution around the bubble; the resulting solution can be fitted closely to saturated
surface boiling data, but not to subcooled boiling. It is further pointed out that the time-irreversi-
bility inherent in the laminar-heat-conduction equation is inconsistent with the symmetrical growth
and collapse periods observed in highly subcooled nucleate boiling. If it is assumed, however,
that turbulent and convective heat transfer dominates in removing heat from the condensing bubble
surfaces, predictions can be made which are in good agreement with the trends exhibited by

_Gunther's and Ellion’s data (Refs. 1 and 12). From well-known empirical equations for the heat-
transfer coefficient of a single sphere suspended in a turbulent stream (Ref. 13} it is estimated
that the latent heat transport represents at least 10% of the total heat flux. Measurements of
turbulent-heat-transfer coefficients from single and multiple bubbles are needed to resolve tl

uncertainty.

Another simple argument can be adduced to show that the stirring effect of the bubbles
does not account for all of the heat flux. As more surface nuclei become active, upon increasing
the surface temperature, the bubble population and the stirring effect of the bubt!cs increase.
Hence, the total heat flux 1acreases, even though more of the surface is covered at any time by
bubbles, which act essentially as insulating spots. As the bubble population continues to increase,
a point is reached where the increased heat flux due to stirring is just offset by the decreaxe ia
the instantaneous wetted area of the surface. This represents the maximum nucleate boiling heat
flux, popularly called “‘burnout.” The more rapidly the bubbles grow, the more vigorous will be
the stirring, and the greater will be the maximum {lux. However, the maximum flux in saturated
pool boiling increases with pressure up to a reduced pressure of about 0.35 (Ref. 14), even though
the mear bubble wall velocity decreases continuously with increased pressure. This means that
the stirring effect of the bubbles is not the sole controlling factor. Significantly, we may note

that the volumetric latent heat content of the vapor (A p_, where A is the latent heat and £, is

Fi

the density of the vapor) has a maximum in the range of reduced pressures of 0.3 to 0.7.

This latter observation can be expanded by a simple calculation. It is instructive to

estimate the vapor flow which would result if the equatorial and polar regions of the bubbles
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could be maintained at different wall temperatures, by whatever mechanism, Plesset’s solution
(Ref. 15) of the problem of the steady-state one-dimensional {low of vapor between two liquid
surfaces held at different temperatures is employed, The heat flux due to flow of vapor between

a warm liquid surface at temperature T, and a colder surface at temperature, Ty, is given by:

-1
Y % '
. R,.T, ) T T,\
g = Tl (=2 (222 L [ 2 - ®)
F 277.” ")Ct' Tﬂ TO

where € is the accommodation coefficient, X is the latent heat, ¥ is the molecular weight of the

vapor, and Pq, and £, are the equilibrium or saturation vapor densities at the liquid surface
temperatures, T, and T, respectively. For this rough calculation, it is assumed that the vapor
transport can be satisfactorily approximated by a one-dimensional calculation and that the evapo-
rative zone, near and at the base of the bubble, is about equal in areu to the condensing zone near
the polar cap, Temperature T, may be greater than T, for several reasons: (1) a thin liquid film
may separate the spreading bubble from the wall (Ref. 4), (2) the expanding bubble receives a
continuous new supply of superheated liquid near its base, and (3) the polar cap is cooled by
turbulent convection. For this illustration, assume T to be equal to the wall temperature, T, -
and Ty to be equal to the saturation temperature T, _,. Cichelli and Bonilla (Ref. 14) have
measured the wall superheat and heat flux at maximum pool nucleate boiling rates for five organic

liquids. Their data for the wall superheat are closely approximated by an expression of the form
AT, = -45log)o P, (9)

where p, is the reduced pressure of the system. Equations (8) and (9) were used to calculate ¢,
for pentane, assuming ¢ = land F = 0.005 {the latter choice is quite arbitrary, and is intended
to fit the data, lts smallness, however, is significant, since at méximum flux at least one-third of
the surface is covered with bubbles). The results are shown in Fig. 2. It is seen that Eq. (8)
exhibits the same characteristic maximum burnout flux as the data and can be made to fit these
data quite closely. Calculations for other organic liquids give similar behavior. This crude
calculation is not intended to suggest that all the heat at maximum heat flux conditions is trans-
poﬂéd as latent heat; but it does strongly suggest that this mode of heat transport is not
insignificant.

_ Finally, some interesting analogies to nucleate boiling may be examined which may shed

some light on this subject. A parallelism between nucleate boiling and a diffusion-contsolled
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Fig. 2. Maximum Heat Flux in the Pool Boiling of n-Pentane: Data of
. Cichélli and Bonilla (Ref. 14) Compared with Eq. (8)

mags-transport phenomenon was found by Roald and Beck (Ref. 16). They rotated a cylindrical
magnesium specimen in hydrochloric acid of various concentrations and measured the dissolution
rate as a function of angular velocity. Beyond a certain acid concentration, hydrogen-bubble
evolution on the surface became vigorous and resulted in sharply increased mass transfer rates.

The authors attributed the increased rate to the stirring action of the hydrogen bubbles.. The analegy
to nucleate boiling appears to be excellent. In fact, one can imagine liquid which is not super-
saturated with hydrogen gas being brought discontinuously in contact with the surface (quenching)

by removal of bubbl

PRy ¢
I<H 1

rom the surface; or that the bubbles act as roughnesses in increasing both
frictional drag and nass transfer; or thut the formation of hydrogen bubbles, through mass transport
of vapor, provides an efficient means of reducing the degree of supersaturation of hydrogen gas in
the liquid at the solid surface. In thi= connection, it should be noted that the analogy here is to
saturated boiling, since the hydrogen bubbles {presumably) did not collapse on the surface. In
steady-state saturated boiling all of the heat leaves the system as latent heat. Similarly, most of

the hydrogen transporf from the surface may well have been accounted for as hydrogen bubbles.

A more instructive analogy, which appears to have been overlooked, is dropwise conden-

sation of vapors va heat transfer from noncondensable gases. The heat-transfer coefficients in the
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former case ure of the order of hundreds of times greater than in the latter case (Ref. 17); but in »
this case the liquid droplets grow slowly, so that they cannot be considered to agitate the vapor
near the wall very much (at least in comparison with the agitation required to obtain equal heat
transfer in a noncondensing gas-solid system). Fucken (Ref, 18) attributes the increased heat-
transfer rate to the reduction of the thickness of the layer of £'percooled vapor near the surface by

diffusion into the droplets.

One cannot attribute the increased heat-transfer coefficients once condensation begins,
solely, or even primarily, to the stirring effect of the droplets; in fact, a small amount of non-
-condensable gas in the vapor reduces the heat transfer eaormously, as is well-known. Eucken's
explanation appears to be a reasonable one. In the same way that the droplet surfaces act as
concentration sinks for diffusion of supercooled vapor, one may expect that the nucleate boiling
bubbles act as distributed temperature sinks for the diffusion of heat from the superheated liquid

layer adjacent to the wall,

From the preceding discussion, despite the widely-held concepts of the bubbles acting
principally as turbulence promoters, one is forced to conclude that the direction of the inequality
(Eq. 6) is uncentain. Probably both latent heat trunsport within the bubbles and convective transport

between the bubbles are important.
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IV. CHARACTERISTIC BUBBLE QUANTITIES

A, Quenching Heot Flux -

Before preceding with the task of formulating expressions for the heut flow, it will be
convenient to derive several characteristic bubble quantities which will be needed later, One of

~ these is the heat flux, g due to the quenching of dry spots on the wall,

When a bubble collapses in subcooled boiling, or wheu it leaves the surface in saturated
boiling, relatively cold liquid comes into contact with what was formerly an essentially dry spot

on the wall. The following assumptions are made:

L The flow of heat from the wall into the liquid is perpendicular to the wall.

2. The liquid which com=+ into contact with the wall is at a uniform

temperature.

These assumptions are equivalent to repiacing, for the short time periods involved, the
incoming liquid by a sequence of thin annular lamina, of radius R = R () and thickness dR, at a
time ¢ after the bubble begins to grow (Fig. 3). These laminAa are initially at a uniform temperature,
say Ty < T, . characteristic of the liquid immediately above the bubbles. The wall is initially
at the mean wall superheat temperature T, variations in the wall te'mpcrature being ignored in
this approximation, For subcooled boiling, the problem can be formulated in terms of the average
bubble lifetime, 8, and period, 6', as fo“o.ws: Let

L

je— R —of
ARt dt) ————8

s~ EQUIVALENT ANNULAR SLAB
I ! INTRODUCED BETWEEN ¢

| 1

|

. \

AND ¢+ a7
vy Sy Sy Sy Sy sy Sy Sy auw Sy auy s

o

S

Fig. 3., Model for Calculation of Quenching Heat Flux uAp’on Collapse of a Single Bubble
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RO = 0, R(E) = R,y RUY =0, 95 e26" (10)

since no bubble is present at times between 6 and 6. At time ¢, a new segment of area
27 R(1)dR, is placed in contact with the hot surface, where £/2 < ¢ < 6. The temperature in

this slab at time 6'is

y

2vVa(6' -t)

where T is_the temperature at a distance y from the wall, and a is the thermal diffusivity of the

T - T, =(Ty-T,)erd an

liquid. This is the well-known solution for the temperature of a uniform, semi-infinite slab

subjected to a step change in temperature on its surface.

The heat content of the slab is

®
b 4
di = 2np, C; R(t) |dR| (T, - T f erfc(';‘\/;-_(__'e—'—"—:-)) dy (12)
0

= 4pp CLRW AR (T, - T V7al(6-1)

The total heat content of the liquid due to heat conduction upon collapse of one bubble is

H 6

!I =f d” = —4PLCL\/TTO- (Tw - Tx)f
I . d8/2

0

ROROVE—td  (3) -

where the dot denotes differentiation with respect to time. Then, the total heat flux due to this
quenching mechanism is given by

g, = NH | ' o (14)

where- N is the number of bubbles forming on the surface per unit area per unit time,
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it remains, therefore, to find a suitable expression for R = R(¢). Gunther, in calculating
F, the time-average fraction of the surface covered by bubbles, was able to approximate the

integral

8 .
R2dt > 0.5TR26 - as)
0
within the accuracy of the data, or about +5%. Noting the near symmetry of the growth and

collapse regions in subcooled boiling, a parabolic approximation is tried, satisfying the boundary
conditions (Eq. 10) - o : :

1-s=(L-1n? 12(<2
' ' (16)
s =0 2 <l <2K
where
.
sa—E—, {:g-', and K:—B— an
R, g -8
The integral (Eq. 15) then becomes
] 2
2
R2dt R;; s%d{ - 0533 R2g (18)
0 0 .

within 6.5% of the approximation (Eq. 15). This is considered to be satisfactory for the present

purpose. It may be noted that a sine approximation,
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is not as satisfactory, giving a value for the integral (Fq. 15) of 0.5 Rsﬁ.
Substituting Fq. (16) in Fq. (13)

2

H--B s (1) .2(1,)7 V2K =1 dL 19)

ol

7250/ (-9 2T ¢F ds T (20)
0

- By (K) | o (&)

where

¢(K) = 3%; [(Sb‘ L 4b% - 182 —8b . 1VB -1 - (8bY - lez)ﬁ-] (22
b ]

and

B - V8rac o C (T, ~TPRY: & - L~ L and b - 2K = 1 (23)

A plot of Y (K) is given in Fig. 1. Substituting Fqs. (21) and (23) in Eq. (14),

g9,  SOUANT, - TP RY [ Crk e v(K) | (29)

Actually, the bubble slides along the wall as it grows and collapses. Hence, the area
swept out by the bubble base, instead of being a circle, of radius R_, is roughly an ellipse, the
~ minor semi-axis of which is R . If the bubble axis is assumed to travel downstream at 0.8 the

free-stream velocity (Ref. 1), the major semiaxis is approximately R« 0.4 I'"", Using the ratio
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voo - | : /

»oba‘> ' _ .

¥ (K)

g =8’z _MEAN BUBBLE PERIOD
g 3

/ A : MEAN BUBBLE LIFETIME
0.4 :

' _ 2 y 3

Fig. 4. Plot of ¥ (K), Eq. (22), vs K

of the areas as a corre-tion factor, Eq. (24) gives _

< o1 N o ST i |, 0.4V ~
9 = 5.01 A(Tw - T R; /oL Crk 6 yK) |1+ »;: (25)
‘B. Root-Mean-Square Velocity Between Bubbles

~ The time-average fraction of the surface covered by bubbles is assumed to be constant
(steady-state boiling). If the liquid is sufficiently subcooled, the bubble radius-time curve. is
symmetrical, corresponding to growth and collapse curves which are mirror images of each other
(Ref. 1). In this event the number of bubbles collapsing at any instant will equal the number
growing; and it is possible to assign each érowing bubble, which acts as a velocity source, to a
neighboring collapsing bubble, or velocity sink.» If viscous effects are qeglecte&, the system at any

instant can be considered to be a coplanar assembly of sources of velocity potential, each of °
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which has associated with it an equal sink. Two cases may be considered: (1) the distance between
centers L is large compared to the average radius of the bubbles R, in which case the bubbles

may be: considered to be point sources or sinks; and (2) L is of thé same order of magnitude as R

In the former case, the velocity potential at any point P is given by summing the contri-

butions from each of the sources and sinks:

¢ = Db - }:%’ | o8
i |

where m,, the strength of the ith source, is equal to (R2fé)‘. and r; is the magnitude of the radius
vector r; from the ith source to P (Fig. 5). If, in addition, a uniform stream velocity ¥ in the

negative x direction is superimposed, Fq. (26) becomes

(R, R) :
¢P=Z—-——-§~—‘+Vx‘ (27)
i ! ‘
The velocity at P is
. R2RYr,
- -V = - ——— - ,'.
uP , ¢P 2‘: r? [ (28)

where i is the unit vector in the x direction. The corresponding two-dimensional problem can be
sclved e:;actly (see Appendix); but for our present purposes, some Qimple qualitative considerations
are sufficient. Suppose the sources and sinks to be moved closer together, while keeping their
strengths and relative positions the same. If the extemal velocity V is small compared to the
velocity due to the bubbles, the velocity at P will vary as thé inverse square of the distance
between centers. The dependence becomes less strong as V becomes relatively larger, until when
V is very large compared with the velocity induced by the bubbles, the distance between centers

has no effect.

It is rarely if ever true, however, that the radius of the bubbles is negligible compared

with the distance between centers. Assume now that the bubbles form a square net, that K = I,
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Fig. 5. Model of Assembly of Bubbles Growing and Collapsing on a Surface. Distance
Between Centers L Large Compared with Mean Bubble Radius R . Square, In-Line Net

and since the growth and collapse curves are symmetrical, that the radius of every bubble,

Ra =4 m* Hence, the growth rate is either léa. Confining attenticn to a unit cell of this net,
given by the perimeter ABCDEFGH (Fig. 6), consider a thin lamina of liquid in contact with the
heating surface, area of which is defined by the above perimeter. Since all velocities normal to
the solid surface are very small in this lamina, it may be assumed that all flow across the

boundaries occurs at the perimeter. The kinetic energy of the liquid within the lamina (Ref. 19) is

1 1 do

2
—_—p dn = - — ¢ —dS 29
2 Lf“ n 2,01,‘/‘ on "( )
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Fig. 6. Model of Assembly of Buhbles Growing and Collapsing on a Surface. Distance
Between Centers L. Compared with Mean Bubble Radius R . Square, In-Line Net

where p; and u are density and velocity, respectively, and d 1) and d S are volume and surface
elements. The nomal velocity across the boundary, ~9¢ /3 n, vanishes by symmetry over the
perimetcr elements BC, DE, FG, and H4. Over the remaining portions of the boundary it is
essentially iléa. Similarly, ¢ is here Rarléa. Hence, the kinetic energy is 70 Rz dey,

where dy is the lamina thickness. The root-mean-square velocity is then

‘2wR3R3

L2~77RZ

. 1
. fo2F |2 2R | 2F 2
up = = R, ~oee B (30)

1-F 8

replacing the tangent by the chord. Note that Eq. (30) predicts the avérage liquid velocity to be
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equal to the average bubble wall velocity, 2R /€, when L = V/37/2 R,

Consider now the case of K = 2, equival.nt to the assumption that the time Letween
bubbles for a yiven nucleation center is, on the average, equal to the bubble lifetime, Since half
the nucleation centers are inactive at any given time, the situation may be represented by Fig. 7,
where the crosses represent temporarily inactive sites, and every collapsing bubble {~) must be
surrounded by growing bubbles (+) to maintain a constant fraction of the surface covered with
bubbles. It can be seen that this case corresponds exactly to that in Fig. 6, excepi that now the

diagonal of the unit cell L gives the distance between growing and collapsing bubbles.

X - X - X
+ X T+
% 3

X TEMPORARILY INACTIVE CENTER
+ GROWING BUBBLE
- COLLAPSING BUBBLE

Fig. 7. VModel of Assembly of Bubbleas Growing and Collapsing on a Surface. Distance
Between Centers L Large Compared with Mean Bubble Radius * . Staggered Net
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Fquation (30) applies equally well to this case. It requires only a slight extension of this rea~on-
ing to show that Eq. (30) describes the average liquid velocity induced by the bubbles parallel
to the wall, independent of K.

" Based on Fq. (30), the rms velocity induced by the bubbles ué is calculated in Table |
and shown in Fig. B {or the data of Gunther (Ref. 1), reproducea here as Figs. 9 through 11,
These runs investigated the effect of liquid subcooling, liquid velocity and heat flux in a trans-
parent flow channel 1.4 in. square in cross section divided by a heating strip 3.'16-in. wide. The
liquid was degassed, distilled water at slightly absve atmospheric pressure. As expected, "l;
increases in each case as the upper limit of nucleate boiling is approached. The difficulty of
obtaining accurate bubble counts is shown in Fig. 8, where u; calculated for supposedly identical
conditions in Figs. 10 and 11 check within 10%, but between Figs. 9 and 11 check only within 50%,

) AY , , SUBCOLING, T _~T .*F L
e 0 T e o ¢ 180 %0 200
V ,BULK LIQUID VELOCITY, f1/esc
- K ] 0 R ] 20
,” ] ] l : ] '
tar, , (F16 9 ARROWS POINT TO PAIRS OF POINTS
TAKEN UNDER IDENTICAL CONDITIONS
60 N\ x 9, * 375 Btu/lsq inHsec)
. Vs 10 tt/5ec
AT, , = 150-155°F o
3 ’ B 9, *275 Btu/lsq wmisec) Vi
s \ Ve 10 t/sec '//
c 30 AYM v 155°F
< R @, (FI6 11) -
N | ‘
i
2 \ i /
£ 40
@
: \
(=]
4
3sol—
z . \
: \\~. N e = /'
g \ o - —
.0 re
- P : \
g » /@‘ . \ v (FI6 10) -
114 . Y
o

€ L4 &

L} 8
@,, HEAT FLUX, Btu/(in®)(sec)

¢t

Fig. 8. RMS Velocity Induced by Bubbles in Gunther's Experiments
{Figs. 8 through 10), Calculated by Eq. (30)
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Table 1. Colculations of Bubble Parameters From Gunther's Data (Ref. 1)
q/A ’ ’ 6 o b [ d .
v Bro/lsq in) AT R, N F %10 vy Yo o © e T, -T, L "W -T, L
ft/sec (sec) °F in. sec in./sec Yy R, Cu °F °F °F °F
Group | ®
20 3.78 150 0.007 0.9 130 153 17.8 464 201 89 68.5 157.5<
10 3.75 150 0.010 0.96 260 22.2 12.5 232 201 89 83 172
5 3.75 150 0.012 0.92 400 25.0 10.4 116 201 89 119.5 - 208.8
2.5 .75 150 0.013 0.89 580 23.5 9.6 58 201 89 149.5 238.5
Group nt
" s #
10 .5 155 0.0118 0.99 250 12.5 10.9 584 199 84 48.5 132.5
10 2.5 155 o.on 0.98 250 17.8 11.4 350 202 84 65.5 149.5
10 s 155 0.0105 0.97 245 21.3 1.9 254 205 84 7%.5 163.5
10 4.5 158 0.0095 0.955 220 26.5 13.2 200 207.5 84 94.5 178.5
10 5.5 155 0.0080 0.92 185 36.1 15.6 ¢ 163.5 209 84 1115 195.5
10 6.5 155 0.0085 0.84 150 - 53.5 19.2 140.5 m 84 1315 215.5
10 7.50h 155 0.005 0.65 ns 99.0 25.0 122.5 212 3 154 238
Group NI}
10 2.75 60! 0.020 : 0.62 605 73.4 6.2 169.5 107.5 179 37.5 216.5
10 2.75 100 0.017 0.825 410 54.0 7.4 232 147.5 139 48.5 187.5
10 2,75 140 0.013 0.94 270 34.4 9.6 295 187.5 99 1.5 160.5
10 275 160 .0.010 0.97 215 231 12.5 326 207.5 » 72.5 151.5
10 - 278 180 0.007 0.98 175 16.2 17.8 3as7 227.5 5 86.9 ‘ 146
10 .2.78 200 0.0035 0.99 130 7.65 35.7 3%0 247.5 39 n2 151
° Root-mean-square velocity induced by the bubbles, given by Eq. (30). . 9 Burnout.
b Hydroulic radivs, o - 0.125 in. ) . b Extrapolated.
“Eq. (4)). " Effect of subcooling (Fig. 9). ¢/A  2.75 Btu. (sq in.) (sec); V¥ - 10 ft/sec.
d Eq. (42). . , } Calculated from Ref. 7, assuming that T, isa function only of the heat flux. Corrections
® Effect of velocity (Fig. 10). o/A - 3.75 Bty (sq in.) (sec); T -150 E. P 50 in Ha. for slight effect of pressure {50 in. Hg) mode by assuming the excess vapor pressure
p ) {(“P) due to the wall superhect to be constant over o small range of system pressure.
Effect of heat transfer rate {(Fig. 11). ¥V - 10 ft/sec; & T:ub - 1557F; P - 50 in Hg.

Page 19




.

o)




Jet Propulsion Laboratory

Memoram;‘fum Ne. 30-8

5,000,000
& = PUBBLE LIFEYIVE ’ f
A  ° POPULATION
Rusy ® AVERAGE MAXIMUM BUBBLE RADIUS vL o
~~
F = AVERAGE FRACTION OF SURFACE r-
COVERED BY BUBBLES
600 ' L] 1,200,000 §
N\ o / :
00238 500 L 50 g
4 & ~
0020 _ 400 y £ ——j% 800,000
€ N’% /A’ 8 B
: DA 8 :
ioous 33 AV ~ 30 *
o« £ I 3
hd 5 \Q PR, 4 >1-\ a
0010  200}— max - 20 400,000
+F \Q &
W
0.008 100 ™. : 0
] u ‘ : 'l_l { l [
4 60 €0 100 120 fe0 ie0 1860 200 1 800 820
Ar“ [. r~ - r‘].QF .
Fig. 9. Gunther’s Data (Ref. 1 and Fig. 11): Effect of Subcooling
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Fig. 10. Gunther’s Data (Ref. 1 and Fig. 16): Effect of Velocity
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Fig. 11. Gunther's Data (Ref. 1 and Fig. 17): Efect of Heat Transfer Rate
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V. SINGLE-PHASE TURBULENT CORE

At this point it is instructive to consider the temperature and velocity distributions in the
single-phase turbulent core liquid, necessarily restricted here to subcooled boiling, since in

saturated boiling the two-phase region extends throughout the tube.

Begin with the momentum cquation, averaged with respect to time, for turbulent flow of &

single-phase fluid in a tube:

7, (1 - —{) = -pu'v +pu —d-.-‘- (31)
a dy

where 7, is the total shear stress at the wall, a is the pipe radius, and °v’ represents the
time-averaged product of the velocity fluctuations in the x and y directions. Similarly, the energy

equation is given by

dT

y ]
1-2)==-p0,C,T'*" ¢+ ky —
g ( c) Alrl v + L g

132)

where T'v’ represents the time-averaged product of the fluctuations of the tempziature and the
velocity normal to the wall. The physical properties are here assumed constant, since, by the
nature of nucleate boiling, the wall temperature is not far removed from the bulk liquid temperature.
Also, the principal changes in the temperature and velocity profiles occur quite close to the wall,
so that y/a can be neglected compared with unity. The usual assumption of the validity of the

Reynolds analogy is made, =o that

r ’u' 1 [ 'v ¢ -
ar  Pr_ du |
dy dy

Here Pr_is a turbulent Prandtl number, equivalent to the ratio of the eddy diffusivities for heat

and momentum transfer and may be assumed to be unity for water and other nonmetallic liquids
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(cf. Ref. 20), Also, the molecular shear-stress and heat-transfer terms are assumed to be negli-
gible at distances far from the wall, With these assumptions it is possible directly to derive the

well-established dimensionless equations (e.g., Refs. 20, 21, and 22) for the turbulent core:

% l 4
ut-uf = — LA > (34)
¢
® 41
and
+ ¢ 4+ L 3 + *
#'-u =T" - T y > n (35)
where
ut = 8 : ' (36)
Te
L
R AN N @
pC 7 ’
T = (1, -1) L [t (38)
qg pL

and < is a universal constant which has been empirically determined to be about 0.4, The
distance y| represents the dividing line between the turbulent core and the two-phase wall layer,
-and is of the order of R_, the mean maximum bubble radius. It will be assumed that the mean

velocity V and the mean temperature T; occur at the same distance from the wall, y,.
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Now, some experimental evidence exists (Ref. 6) that Fq. (35) holds all the way to the

wall in subcooled, forced-convection nucleate boiling systems, of
AT § (39

With this assumption it is possible to estimate the temperature T, at the edge of the

turbulent core. Combining F.qs. (34), (35) and (39) gives -

T, - Ty

hoh : 1 % T
: - o= n | —1"

But since the Stanton number, Cy, is given by

1 (. =T)pC,V -
I w L L L - TzVO . . . (41)
C” . q‘ . C

-Fqgs. (39), (40), and (41) yield

T, - TL K "

-1 V& m e

(42)

This equation may be applied to Gunther’s data (Figs. 8 through 10) to estimate an apprbxi-
mate time-average liquid temperature at the edge of the two-phase wall layer. Assume that the-
mean temperature occurs at the centerline of the flow passage or at a distance corresponding to
the hydraulic radius. Note that this assumption is not strictly correct, since the only heat input
was from a thin stainless steel stﬁp suspended along the centerline of the chanuel; but since the
temperature in the turbulent core is relatively uniform, it is probably acceptable. With this

assumption set y , = a, the hydraulic radius, and y; = R_ in Fq. (42). The wall temperature,

m
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T, was calculated from Gunther and Kreith's surface temperature measurements (see Fig. 4 of
Ref. 7), assuming that T at & given flux is independent of the liquid velocity and subcooling,

A correction was made for the slight effect of pressure (50 in. Hg) on the wall superheat by
assuming the vapor pressure difference corresponding to the wall superheat to remain constant
over this small range of pressures.. Essentially this is equivalent to assumiﬁg that the critical
bubble radius, which is determined by the radius of the active nucleating cavities on the surface,
remains constant. The calculated values of Ty are shown in Table 1 and Fig. 11 as a function of
liquid subcooling, liquid velocity, and heat flux, It is most interesting to note that in each series
of runs T rises steeply towards the saturation temperature (239°F) as burnout is approached.
Thus, the maximum heat flux coincidss with the appearance of a fairly thick layer of warm water
next to the wall. This seems to indicate that at conditions far removed from burnout the principal
resistauce to heat transfer is in the two-phase wall layer; but as the flux is increased, or the
bulk velocity reduced, or the subcooling decreased, the resistance of the turbulent care becomes
appreciable. (See Fig. 12) Burnout occurs when the core is unable to remove the heat as fast as

it can be transmitted by the wall layer (qiz) in Eq. (7)), resulting in & marked increase in bubble

size and population, which in turn results in bubble coalescence.

Support for this concept is found in Gunther’s (Ref. 1) empirical correlation of the maximum

heat flux with liquid velocity and temperature:

. -
(7)’”""""‘ = 0.0135V0SAT, . 3

The form of this equation strongly suggests that the maximum heat flux is equal to the product of

a turbulent heat-transfer coefficient, which is proportional to the liquid velocity to a power between

" 0.5 and 0.8 and the mean temperature difference between the saturation temperature, characteristic-

of the liquid near the top of the bubbles, and the bulk liquid. From this point of view, the two-

- phase wall layer at maximum heat flux acts as a completely rough wall, and the transfer of heat

from this rough wall is proportional to the product of a turbulent heat transfer coefficient and a

tamperature driving force. At constant bulk liquid velocity and subcooling, the *roughness’ of
the wall adjusts itself to the heat flux; but at burnout the increase in “roughness’ can no longer

match the increase in heat flux.
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Fig. 12. Temperature at Edge of Two-Phase Layer in Gunther's Experiments
: (Figs. 9 through 11), Calculated by Eq. (42)
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Vi HEAT FLOW THROUGH THE TWO-PHASE WALL LAYER

A, Inner Layer Heot Flow

It is now possible to formulate some rather speculative expressions for the heat flow in
the first and third steps of the three-step model proposed in Sec. Il. The second step is not
considered here, in view of the uncertainty concerning the magnitude of latent heat transport. For
the first step, the heat flow from the wall to the adjacent liquid is given by Eq. (4). The quenching
heat flux, g is given by Eq. (25). Proceed now to calculate the stirring heat flux, 9pr as8uMing
a form similar to Eq. (32):

: - o dr
qw = (-— pLCL T v'+ kL T)(l - f) (44)
y .
where
f > 2KF (45)

It may be noted " at {1 — 2K F) is the approximate fraction of tle heating surface which is not
periodically covered by bubbles. The temperature fluctuation T and the velocity fluctuation v’
are made up of components due to the bubbles and to the diffusion of turbulence from the bulk
stream. For the purposes of our simple analysis, however, it will be assumed that turbulent
eddies diffusing towards the wall from the main stream are considerably weaker very near the
wall than the eddies produced by the bubbles themselves. This is reasonable, in view of the
intense microconvection adjacent to the wall induced by the growing and collapsing bubbles.
Further, it is assumed that the molecular heat conduction term rapidly becomes negligible a short
distance from the wall, so that Eq. (44) becomes '

It is now necessary to fall back upon a dimensional approach, in which the time-average product
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in Eq. (46) is assumed to be proportianal to the product of a characteristic velocity and a charac-

teristic temperature difference. The natural choice is
Tovy = Byug(T, - Ty) (47

where u is descriptive of the mean velocity fluctuation due to the bubbles, T, - T is descrip-

tive of the temperature driving force, and ,3| is an empirical constant.

Combining Eqgs. (25), (44), (46), and (47) gives the following expression for the total heat
flux: '

9 = 9¢ + qu = SOIN(T, - TOR2\ /o, C kLB ¢(K)(l . 0.4V9)

R

+ Byo CLug(Ty - Ty) (1 - 2KF) | (48)

It is of interest to see whether this expression can be fitted to Gunther's data by an
appropriate choice of 3|, the empirical proportionality constant. For our simple calculation,
assume that K, the ratio of the bubble period to the bubble lifetime, is 1.5, since a bubble
frequency of about 1000 cps and a bubble lifetime of 6.4 x 1074 sec have been reported (Ref. 7)
in subcocled pool boiling (¢, = 2.0 Btu/(sq in.) (sec); T = 98°F). The calculations of the
quenching heat flux are given in Table 2; with the choice 5, = 0.025 to give the best fit,
reasonably good agreement is obtained with Gunther’s smoothed data (Table 3 and Figs. 13 and
14). The data investigating the effect of bulk liquid subcooling are not included, since at
moderate subcoolings some of the bubbles detach from the wall, with the result that the extent of

the two-phase wall layer becomes uncertain.
Referring to Figs. 13 and 14, it is seen that a reasonably good fit exists between the

predicted and the experimental total heat flux. Of interest are the following points:

L The quenching heat flux, 9g is appreciable but is less than the convective
flux g, , except at high bubble pobulations, where the fraction of the surface

which is never covered by bubbles becomes quite small (Table 3).
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2 In both cases, the predicted g, falls below the experimental g, close to the
burnout point. This is partly because f, the fraction of the surface which is
in occasional contact with bubbles, increases sharply (and hence ¢,
decreases) as burnout is approached; and partly because T rises rapidly
near the burnout point, as noted previously, so that the quenching heat flux
does not increase at the same rate as does (f ~ F), the fraction of the
surface being quenched at any instant (cf. Sec. IV). This is to say that the

bare spotr are quenched with warmer liquid as burnout is approached,

3. The predicted total flux is low at high stream velocities and relatively small
(F < 0.02) bubble populations {Figs. 10 and 13). This might be expected,
from the neglect of the stream-induced turbulence in Eq. (48).

B.  Outer Layer Heat Flow

Similarly, expressions for the third step of the heat flow model, Eq. (7), from the edge of

the two-phase wull layer into the turbulent core, can be speculatively constructed.

To begin with, it Qill be assumed that the equations for the turbulent core (Eqgs. 31, 32,
and 33) are also valid at the edge of the two-phase wall layer. The problem then resolves itself
into determining the increased drag due to the bubbles. In the outer‘portion of the two-phase wall
layer, which is assumed to be thin compared with the hydraulic radius, Eq. (32) becomes, upon

neglecting molecular conduction -

9 = -,DLCLT'v' = -pCp (Ty + T;)(v,: + v") ' (49)

where T, and T, are the temperature fluctuations due to the bubble and the stream motion, and

vy and v are the corresponding velocity fluctuations normal to the wall. Actually, there is
undoubtedly an interaction between the bubbles and the turbulent core; but for this simple analysis
it will be assumed that the time-average product in (Eq. 49) can be decomposed into the sum of

two time-average terms:

(Ty + T vp + v}) = Tyvj + Tlv! : (50)
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Toble 2. Caleulation of Quenching Heat Flux From Gunther's Date (Ref. 1)

-] - : ]
v v AT N 10 T -7 SO, - T | o (o, C K, O 0.4V 9 Bto/(sq in.) (sec)
Btu/{sq in.) ~sub Bubbles/ w1 °F/(In.)? m 1 v T3 3
ft/sec °P °F Btu/°F R_ K=1 =
(sec) ’ (eq in.) (sec) (see) A .
Group lb
20 3.75 150 6.0 132.5 3.98x107% 3.07x107° 2.78 0.2 0.27 - 0.36
10 3.75 150 7.3 18 32 8.85 2.25 0.52 0.68 0.91
5 3.75 150 7.8 81.5 3.19 15.8 1.80 0.55 o.n 0.96
2.5 3.75 150 8.0 51.8 2.06 21 1.48 0.39 0.51 0.68
Group It
10 2.5 155 4.0 136.5 2.74x1078 1.5x10°° 2.04 - 0.39 0.5 0.68 .
10 3.5 155 8.1 125.5 5.09 10.4 ' 2.12 0.68 0.88 119
10 4.5 155 14.0 n3 7.92 8.98 197 0.85 1.10 1.48
10 5.5 155 37 97.5 18.8 5.83 ~an 1.38 L 241
10 6.5 155 160.5 79.5 64.0 2.84 - 1.96 215 2.80 37
10 7.5 155 542 58 156.8 ; 1.47 1.96 wn 3.54 4_.78
] Group I
10 2.75 60 9.4 70 32908 54.0x107° 2.26 2.8 AT 4.7
10 2.75 100 _ 7.2 9 3.57 32.1 2.0 1.40 1.82 2.45
10 2.75 140 6.2 126 an 152 1.87 0.68 0.88 1.18
10 2.75 160 7.3 138 4.94 8.98 ‘ 2.03 0.52 0.67 0.91
10 2.75 180 14 140.5 9.86 3.6 . 220 0.48 0.62 ©.0.83
10 2.75 200 57 135.5 38.7 0.767 2.55 0.46 - 0.60 0.80
“Ea. (25). ¢ (K} calculoted from Eq. (22) (Fig. 4).
bSee Table 1 and Figs. 9, 10, and 11.
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Table 3. Colculation of Heat Flow From Gunther's Data (Ref. 1)

e b » N3 4 . e
‘ /A - (2) _ (2)
v | (-3, -T)| s e IS B F Lo To b yage2 |y p 02| e 0 -2
Biu/(sq in.) B8tu/{sq in.) | Btu/(sqin.) Btu/(3q in) | Btu/{sq in.) Re -_— v b —— Btu/(sq in.) t be
ft/sec (in)(°F)/ sec ' 1-F in.2/sec? 1-F + 2
(sec) (sec) (sec) (sec) (se0) (°F) (sec)/ft _ (sec) T e
Group | ¢
.20 3.75 2.89.10° 0.21 2.39 2.60 .3 49,800 0.0101 10.1 2.31 0.143 0.65 3.96
10 3.75 3.83 0.52 18 3.68 1.9 24,900 0.0417 20.1 4.96 0.260 1.54 3.4
5 3.75 S 373 0.55 3.08 3.63 1.09 12,450 0.0870 40.2 6.25 0.355 2.83 392
’ L. ' .
25 3.78 3.65 0.39 3.02 4 0.63 6,220 0.124 80.4 wn 0.413 6.01 6.64
Group Il -
10 2.5 3.17 0.39 2.62 3.0 1.85 23,500 0.0204 . 20.2 3.06 0.193 1.28 3.03
10 35 3.83 0.68 KR b 3.85 1.9 23,500 0.0309 2.5 4,54 0.229 163 3.54
10 4.5 4.56 0.85 3.78 4.63 1.96 23,500 0.0472 2.7 8.97 0.275 211 4.07
10 5.5 5.57 1.38 4.61 5.99 2.01 23,500 0.0870 20.9 13.0 0.355 3.08 5.09
10 8.5 5.26 2.15 4.35 6.50 2,04 23,500 0.19 21.1 24.5 - 0.495 4.18 6.22
10 7.5 - 2.?2 - 2.72 _ 2.04 23,500 7. 0.539 21.2 »l 47.9 0.770 5.30 7.34
2K, the ratic of the bubble peribd to bubble lifetime, taken to be 1.5. ASee Table 2. dYEQ- (58). Re - DV; '/'“I.; D-- 025 in.
bEq. (48). 53, chosen to give best fit; ﬁ‘ = 0.023. ®Eq. (57). 34 - 0.575 .
©Eq. (48). ‘ " See Table 1 and Figs. 10 and 11.
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Fig. 13. Inner Layer Model Calculated for Gunther’s Data (Fig. 10)
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Fig. 14. Inner Layer Model Calculated for Gunther’s Data (Fig. 11)
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or

§? = g2 + ¢ = - p € (Tivy « Tyw;) (51

{2) gre the heat fluxes due to the stnmng action of the bubbles and of the stream,

where q ) and q;
respectively, The analogy to the hypothesis of Rohsenow and Clark (Ref. 8) that the heat flux in
convective boiling systems is the sum of the nonboiling convective heat flux, plus the pool boiling

(2 is the non-

heat flux at the same surface temperature, may be noted. It will be assumed that ¢,
boiling convective heat flux in the same system. Substituting Eq. (33), and assuming the eddy

diffusivities for momentum and heat transfer to be equal,

9y = ‘7(32) + '”LCL(“b"b) (*JJ) ) (52)
From E‘qs.'(‘35) and (39),
,d_T_ < _Tl"_:._r_’:_ (53)
du 14

It remains to choose an appropriate expression for u, v,. If the heat transfer occurs
entirely at the tops of the bubbles (latent heat transport), one would expect the mean bubble wall
velocity to be apphcable.

R\
LI _n )
up vy ( 6) | | 54

If, however, the heat transfer between bubbles is the major factor, one would expect the

mean velocity induced by the bubbles to be more appropriate:

ubvb'\«uéz‘—- 8 (.151) (.__._.__F ) ‘ R (55)
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Hence, set

. ’ By
ulvh - By (.’3;-) (TEF) 0 < By <1 6

where B, and B4 are empirical constants. -Combining (52), (53), and (56),

. 2
T,-T R F '
R ¢ I ¢ I £} Cy (LY (Im ) { (87
9. Q%c + 4, 9+ 'BZPL L( v )(6 ) (1_’;)

/2 0.023 (—i)
d - (58)

pp V(T -T,) .
L™L w L (Pr)a (Re)0.2

where 1, and p,, are the viscosities evaluated at T; and T, and the Reynolds number is

based on the tube diameter and the mean bulk liquid velocity.

Once again, values of the empirical constants (By = 0.083; B3 = 0.575) were chosen in
an attempt to fit Gunther’s smoothed data (Figs. 10 and 11). The results are calculated in
Table 3 and presented in Figs. 15 and 16. It is seen that there is reasonably close agreement

between the experimental and the predicted total heat fluxes.
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Fig. 16. Outer Layer Model Calculated for Gunther’s Data (Fig. 11)
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Vil.  DISCUSSION AND SUMMARY

The heat flow expressions derived in the preceding section are highly speculative, in view'

of the many simplifying assumptions. Considerably more data are required before they can be put

. on a firm footing. On the other hand, the three-step model proposed in Sec. Il is not considered
to be speculative; it is, in fact, a simple statement of the physical situation in highly subcooled
nucleate boiling. In two previous papers (Refs. 9 and 10) turbulent convection was shown probab‘ly
to control in the removal of heat from the bubble condensing surface; further evidence is adduced
in Sec. 1l that latent heat transport is not negligible in comparison with the convective heat flow
through the liquid between the bubbles. It is interesting (and perhaps coincidental) that the vari-
ation in maximum heat flux with pressure in saturated pool boiling can be reasonably well fitted
by an expression based on latent heat transport. It is similarly interesting (and physically |
reasonable) that the temperature at the edge of the two-phase wall layer in highly subcooled
nucleate boiling rises sharply towards the saturation temperature as burncut is approached. Whea
the bubbles no longer grow into a zone of cold liquid, one may expect their size and number to
increase rapidly and an instability to set in. Experimental measurements of the local bubble
parameters in nucleate boiling are sorely needed. ‘Such measurements are, in some cases, quite
difficult; but a great deal could be learned from temperature and velocity information taken in 7

simplified systems, such as one, two, or three bubbles growing and collapsing on a surface,
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NOMENCLATURE

o = hydraulic radius of luse.
B = parameter defined by Eq. (23).
b = parameter defined by Eq. (23).
Cy = Stanton number,

9

C, = specilic heat of liquid,

F = time-average fraction of surface. covered by bubbles.

f = fraction of surface periodically covered by bubbles.

H = eothalpy increase of liquid due to heat conduction upon collapse of one bubble.
7 = unit vector parallel to the wall,

k; = thermal conductivity of liquid,
k = modulus of elliptic function (Appendix A).
k' = quarter period of elliptic function (Appendix Ai.

K = parameter defined by Eq. (17).

L = distance between adjacent nucleation centers.
m = strength of spherical source of velocity potential.
m’' = strength of line source of velocity potential,

n = normal to boundary (Eq. 29).

N = number of bui)bles per unit wall area per unit time,
p = pressure.

Pr = Prandtl number of liquid.
Pr, = turbulent Prandt] number (Eé. 45).

9, = heat flux from surface beneath bubbles.
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NOMENCLATURE (Cont’d.)

9y = heat flux due to stirring of bubbles (Eq. 49).

9¢ = heat flux from surfaces between bubbles,

i

q‘(n heat flux du. to stirring of stream (Eq. 51).‘

9 = quenching heat flux.
g, = total heat flux,

qgl)

= letent heat flux,

g, = heat flux from portion of surface periodically covered by bubbles.

g, = heat flux from portion of surface which is not periodically covered by bubbles.
R = bubble radius,

R_ = maximum bubble radius.

Re = stream Reynolds number,

R, = average bubble wall velocity.

r = radial distance,

s = parameter defined by (Eq. 17). -

S = surface,
t = time.
T = temperature,
T' = fluctuation in tempera-ture.

.T* = dimensionless temperature, defined by Eq. (38).

T, = mean temperature of bubble evaporative surface.
T, = mean temperature at the edge of the two-phase wall layer.
T, = mean temperatire of bubble condensing surface.
T; = mean bulk liquid temperature,
T,,s = saturation temperature,
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NOMENCLATURE (Cont'd.)

€
T, = walltemperature.
= mean stream velocity,
v = ﬂuc!uatioﬁ in velocity perpendicular to wall.
u = velocity parallel to the wall,
u’ = fluctuation in velocity parallel to wall,
ugv = root-mean-square velocity parallel to the wall induced by bubbles, defined by
Eq. (30), '
u’ = dimensionless velocity, defined by Eq. (36).
w ~ complex velocity potential,
x = distance parallel to wall, |
y = distance from wall,
y; = thickness of two-phase wall layer (~ R ).
y* = dimensionless distance, defined by Eq. (37).
¢ = complex position variable.
a = thermal diffusivity of liﬁuid.
B, BBy = empirical constants.
€ = accommodation coefficient for evaporation or condensation,
n = volume of liquid.
{ = parameter defined by Eq. (l?),
«k = universal velocity distribution constant, Eq. (34).
6 = bubble lifetime.
g' = bubble period from a given nucleation center.
N = latent heat of vaporization,
pp = viscosity of liquid evaluated at bulk temperature.
Ky = viscosity of liquid evaluated at wall temperature.
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()

0O
(1
)
O*

NOMENCLATURE (Cont'd.)

kinematic viscosity,
parameter defined by Eq. (23),

density,

shear stress,
velocity potential.
function defined by Eq. (46).

function defined by Eq. (A-3) or (A-5).

gradient operatot,

Superscripfs
vector quantity.
time average,
fluctuation (unless otherwise defined).
dimensionless quantity.
derivative with rcspécl to time.
heat flow from inner to outer portion of wall layer.

heat flow from outer portion of wall layer to turbulent core.

heat flow calculated on basis of actual heat transfer surface

denotes heat transfer calculated on basis of total wall area.

Subscripts

average.

bubble.

. Absence of star
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NOMENCLATURE (Cont'd.)

convection due to bubbles,
convection,
bulk liquid,
maximum,
quenching,
stream,
saturation,
total.
unwette&.
vapot, |
wall,
weiued._

edge of two-phase wall layer.
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APPENDIX

Velocity Due to a Two-Dimensional Array of Growing and Collapsing Bubbles

It is desired to calculate the velocity parallel to the wall of the liquid at any point

between an array of growing and colle~sing bubbles. The following assumptions are made:

The flow is irrotational, viscosity of the liquid being neglected.

The flow is two-dimensional, components perpendicular to the wall being

' neglected.

]

The bubbles can be considered to be point velocity sources and sinks, the

distance between bubbles being large compared to their radii.

The bubbles can be considered to form an infinite, regular net of equal
sources and sinks, the growth and collapse radius-time curves considered

to be symmetrical. Each collapsing bubble will be surrounded by growing
bubbles, «o that the net can be represented as in Figs. 5 and 7, where L

is the distance between adjacent bubble centers. We are thus interested in
the potential distribution about an array of line sources, regularly spaced
over the whole x,y plane. This potential is generated by lakiﬁg the logarithm
of an elliptic function, for such a function has zeros and simple p(;lCI
regularly spaced on the complex plane. The spacing and distribution of the
line c* 'rges in each cell will determine the elliptic function to be used. If,
in addition, a uniform stream velocity v in the negative x direction, is super-
imposed, the appropriate potential term must be added. For the array given in

Fig. 5, the complex velocity potential w is given by (Ref. 23):
2me™" In {._.3."_.(.9'_@_,.} + Ve
s (w + k k)

2me " In {sn (@,F) dn (k) +Vz; z =2+ iy (A-1)
: cn (w,k)

where k is the modulus of the elliptic function, and k' is one-quarter of the real period. For a

square net, &' = 1.854, and k = 0.707. The source strength m'for a line-source array of bubbles

is

m'=(RR, (A-2)
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and
‘ k'z
W= — L (A-3)
L
On the other hand, if the array is the sort given in Fig. 7, the potential is
w=2m'e " In {cn (w.k)} ¥V ' - (A-49)
whers aow

W = «‘ﬁ:' (A-5)

The velocity u at any point z of the complex plane is found by differentiating the complex
potential (Ref. 19) A

uf = (i"i)(ﬁ'—”:) : . (A6)
dz dz 7

where the bar here denotes the complex conjugate function. Equation (A-6), together with either

Eq. (A-1) or (A-4), constitutes the solution of the problem.
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